Nuclear magnetic resonance measurements were performed on CeCu2Si2 in the presence of a magnetic field close to the upper critical field µ0Hc2 in order to investigate its superconducting (SC) properties near pair-breaking fields. In lower fields, the Knight shift and nuclear spin-lattice relaxation rate divided by temperature 1/T1T abruptly decreased below the SC transition temperature Tc(H), a phenomenon understood within the framework of conventional spin-singlet superconductivity. In contrast, 1/T1T was enhanced just below Tc(H) and exhibited a broad maximum when magnetic fields close to µ0Hc2(0) were applied parallel or perpendicular to the c axis, although the Knight shift decreased just below Tc(H). This enhancement of 1/T1T , which was recently observed in the organic superconductor κ-(BEDT-TTF)2Cu(NCS)2, suggests the presence of high-density Andreev bound states in the inhomogeneous SC region, a hallmark of the Fulde-Ferrell-LarkinOvchinnikov phase.
Nuclear magnetic resonance measurements were performed on CeCu2Si2 in the presence of a magnetic field close to the upper critical field µ0Hc2 in order to investigate its superconducting (SC) properties near pair-breaking fields. In lower fields, the Knight shift and nuclear spin-lattice relaxation rate divided by temperature 1/T1T abruptly decreased below the SC transition temperature Tc(H), a phenomenon understood within the framework of conventional spin-singlet superconductivity. In contrast, 1/T1T was enhanced just below Tc(H) and exhibited a broad maximum when magnetic fields close to µ0Hc2(0) were applied parallel or perpendicular to the c axis, although the Knight shift decreased just below Tc(H). This enhancement of 1/T1T , which was recently observed in the organic superconductor κ-(BEDT-TTF)2Cu(NCS)2, suggests the presence of high-density Andreev bound states in the inhomogeneous SC region, a hallmark of the Fulde-Ferrell-LarkinOvchinnikov phase.
PACS numbers:
The Fulde-Ferrell-Larkin-Ovchinnikov (FFLO) state, predicted half a century ago [1, 2] , is one of the exotic superconducting (SC) states that has not been fully characterized. There are two well-known pair-breaking mechanisms exhibited by a type-II superconductor under a magnetic field. One is the orbital pair-breaking effect related to the emergence of Abrikosov vortices, in which superconductivity is destroyed at the vortex cores. The other is the Pauli pair-breaking effect, which originates from the Zeeman effect produced by the presence of external fields. When the Zeeman-splitting energy is as high as the condensation energy of superconductivity, in principle, superconductivity becomes unstable and transitions to the normal state with first-order character. Realization of the FFLO state would be expected in the vicinity of the upper critical magnetic field (H c2 ) when the Pauli pair-breaking effect predominates over the orbital pair-breaking effect.
In the FFLO state, the spin-singlet Cooper pair is formed between spin-split Fermi surfaces; thus, the Cooper pairs have finite center-of-mass momenta. Consequently, the spatially modulated superconducting state is realized. Since the orbital-limiting field in a single band is expressed as,
, where k F , ∆ 0 and m * are the Fermi wave vector, the superconducting gap, and the effective mass of electron, respectively, a heavy-electron mass is important for the realization of the FFLO state. Therefore, H orb c2 becomes large and the Pauli pair-breaking effect predominates in heavy-fermion superconductors [4] [5] [6] ; and quasi-two-dimensional organic superconductors in a magnetic field parallel to the conducting layers [7, 8] .
Mayaffre et al. recently performed high-field nuclear magnetic resonance (NMR) measurements for a magnetic field parallel to the conducting plane, in κ-(BEDT-TTF) 2 Cu(NCS) 2 , which is one of the candidates for realizing the FFLO state, and they found a clear enhancement of the nuclear spin-lattice relaxation rate 1/T 1 in the field range between the Pauli-limiting field H P and H c2 (T ) [9] , indicated by the appearance of the sharp bound states located away from E F . The enhancement of 1/T 1 suggested the formation of FFLO state, and it is in good agreement with the 1/T 1 calculation [10] . Therefore, taking 1/T 1 measurements around H c2 is recognized as a valuable method for searching the FFLO state. CeCu 2 Si 2 was the first heavy fermion superconductor to be studied, with T c = 0.6 K [11] , crystallized in the tetragonal ThCr 2 Si 2 -type structure and space group I4/mmm (D 17 4h , No.139). After the discovery of superconductivity, CeCu 2 Si 2 was considered to be a nodal unconventional superconductor based on experiments on polycrystalline samples [12] [13] [14] [15] . However, recent specificheat C e [16] and thermal conductivity measurements [17] on an SC phase dominant (S-type) single crystal of CeCu 2 Si 2 down to a temperature of 40 mK strongly suggest that CeCu 2 Si 2 possesses two BCS-type gaps, the magnitudes of which differ greatly. The multiband fullgap behavior was also confirmed by our recent nuclear magnetic resonance (NMR) measurements on an S-type single-crystal sample [18] . Although a lot of experimental and theoretical works have been performed in order to clarify the SC-gap symmetry [17] [18] [19] [20] [21] [22] , it has not been settled yet. At present, a full understanding of the SC-gap state is an important issue in the discussion of CeCu 2 Si 2 .
Considering the parity of the superconductivity, the decrease of the Knight shift in the SC state [23] and the strong suppression of µ 0 H c2 (T ) along any magnetic field direction indicates a spin-singlet pairing [19, 24, 25] . Furthermore, the unusual decrease of µ 0 H c2 (T ) below ∼ 0.2 K was observed by thermodynamic and resistivity measurements [19, 24, 25] ; thus the Pauli pair-breaking effect seems to dominate. However, the first-order phase transition expected in such a case has not been clearly observed. It was suggested that the multiband character of superconductivity may suppress a first-order transition [19] . The conditions for the realization of the FFLO state appear to be satisfied by CeCu 2 Si 2 , but the possible presence of the FFLO state has so far been discarded due to the large residual resistivity, and no experimental evidence of the FFLO state has yet been reported. This is partly due to limitations in the ability of experimental probes to detect the FFLO state.
In this study, we have performed 63 Cu NMR measurements in order to investigate the SC properties of singlecrystal CeCu 2 Si 2 near H c2 . We found an anomalous enhancement of 1/T 1 T just below µ 0 H c2 (T ) in the presence of a magnetic field parallel or perpendicular to the c axis, H c and H ⊥ c, respectively. Comparing these results to those reported for κ-(BEDT-TTF) 2 Cu(NCS) 2 , our results suggest that the FFLO phase is formed in the narrow region just below µ 0 H c2 in CeCu 2 Si 2 .
Single crystals of CeCu 2 Si 2 were grown by the flux method [26] . A high-quality S-type single crystal was used for the NMR measurements, which is the same as those used in previous NMR/nuclear quadrupole resonance measurements [18] . The field dependence of T c (H) [µ 0 H c2 (T )] was obtained by ac susceptibility measurements using an NMR coil. A conventional spin-echo technique was used for the NMR measurements. Lowtemperature measurements below 1.7 K were carried out with a 3 He -4 He dilution refrigerator, in which the sample was immersed in the 3 He - 4 He mixture in order to avoid radio frequency heating during measurements. The external fields were controlled by a single-axis rotator with an accuracy above 0.5 o . The 63 Cu-NMR spectra (nuclear spin I = 3/2, and nuclear gyromagnetic ratio 63 γ/2π = 11.285 MHz/T) were obtained as a function of frequency in a fixed magnetic field, and the 63 Cu Knight shift of the sample was calibrated using the 63 Cu signals from the NMR coil. The 63 Cu nuclear spin-lattice relaxation rate 1/T 1 was determined by fitting the time variation of the spin-echo intensity after saturation of the nuclear magnetization to a theoretical function for the central transition of I = 3/2 [27, 28] .
SC phase diagrams were obtained by ac susceptibility measurements, as shown in Fig. 1 . The strong suppression of µ 0 H c2 (T ) and the decrease of µ 0 H c2 (T ) below ∼0.2 K were observed, in good agreement with previous thermodynamic and resistivity measurements [19, 24, 25] . Furthermore, the Pauli-limiting fields H P (0), a field at which SC condensation energy is equal to Zeeman energy, estimated from the formula
are µ 0 H P = 2.0 T and 1.56 T for H c and H ⊥ c, respectively, which are close to the experimental values shown in Fig. 1 . Here, the SC critical field H c is 620 Oe [19] , and δχ is the difference in the susceptibility between the normal and SC state, δχ = χ N − χ SC , which is estimated using the relation δχ = µ B N A / 63 A hf δK. The experimental values for the hyperfine coupling constant of 63 A hf and the decrease of the Knight shift δK of 63 Cu below T c are used [29] . In addition, the orbital- [32] , for which the novel magnetic state related with the FFLO state was observed. This larger α value appears to be favorable for the formation of the FFLO state near H c2 . Figure 2 shows the temperature dependence of the Knight shift K(T ) and 1/T 1 T in the presence of various magnetic fields for H c and H ⊥ c. In the case of H c, K(T ) and 1/T 1 T clearly decreased below T c (H) at 1.43 T as has been previously reported [18] , which is consistent with the behavior in a conventional spin-singlet superconductor. In contrast, 1/T 1 T was enhanced just below T c (H) and shows a broad maximum around 0.3 K at 2.1 T, close to µ 0 H c2 (0). However, K(T ) decreased just below T c (H) and did not exhibit a similar enhancement. In the presence of a higher field of 2.37 T [> µ 0 H c2 (0)], 1/T 1 T continuously increased as the tem- perature decreased to a value of 120 mK, suggestive of a nearby AFM quantum critical point, and no clear magnetic field dependence was observed above µ 0 H c2 (0) up to 3.5 T. Comparing the results obtained at 2.1 T with those above H c2 , it is apparent that the enhancement of 1/T 1 T was observed in the narrow field just below µ 0 H c2 (T ), and that the enhanced 1/T 1 T was larger than that of the normal state 1/T 1 T . A similar enhancement of 1/T 1 T was also observed for H ⊥ c, but the enhancement of 1/T 1 T in this case was much clearer than that for H c, probably due to the larger residual density of states as T → 0. The clear enhancement of 1/T 1 T observed at 2,1 T for H c and 1.9 T for H ⊥ c cannot be simply interpreted by the competition between antiferromagnetic fluctuations and superconductivity, since the occurrence of superconductivity always suppresses 1/T 1 T due to the opening of the SC gap. Alternatively, the enhancement of 1/T 1 T clearly indicates the appearance of the high density of states only near µ 0 H c2 .
The enhancement of 1/T 1 T was also indicated by the magnetic field dependence of 1/T 1 T measured at 0.3 K as shown in Fig. 3 . Above µ 0 H c2 (T ), K and 1/T 1 T are independent of the magnetic field. While K monotonically decreased with the decreasing field below µ 0 H c2 (T ), as determined by χ ac due to the formation of spin-singlet Cooper pairs, 1/T 1 T exhibited a broad maximum below µ 0 H c2 (T ) for both magnetic-field directions. Since the phase transition between the FFLO and SC phases was not observed in 1/T 1 T , we plot the lowest magnetic field where 1/T 1 T is larger than that in the normal state as the transition temperature as shown in Fig. 1 . It is noted that we did not observe any clear anomaly in the field dependence of linewidth at µ 0 H c2 (T ) in CeCu 2 Si 2 , although it gives the information about the inhomogeneity of SC state [9] . Furthermore, it seems that the FFLO state is not the ground state at T = 0 K in Fig. 1 , which is different from both of the FFLO states in κ-(BEDT-TTF) 2 Cu(NCS) 2 [9] and CeCoIn 5 [6] . This might originate from the experimental technique. In NMR measurements, strong AFM fluctuations make it difficult the observation of the anomaly at low temperatures. To clarify the boundary between the SC and FFLO phase, other experimental techniques are necessary.
Here, we compare the NMR results obtained using CeCu 2 Si 2 with those of κ-(BEDT-TTF) 2 Cu(NCS) 2 [9] . While both compounds exhibit a clear enhancement of 1/T 1 T just below µ 0 H c2 (T ), there are several differences between these two compounds. First, the normal- case of κ-(BEDT-TTF) 2 Cu(NCS) 2 , in the present case (1/T 1 T ) peak /(1/T 1 T ) normal estimated from the magnetic field dependence of 1/T 1 T is ∼ 1.2 for H c and ∼ 1.3 for H ⊥ c. The increase in ratio of 1/T 1 T depends on the SC gap symmetry and the details of the Fermi surfaces of the systems [10] . Second, the enhancement of 1/T 1 T was observed for H c and H ⊥ c in CeCu 2 Si 2 while this enhancement was only observed for H conducting plane in the case of κ-(BEDT-TTF) 2 Cu(NCS) 2 . This difference originates from the dimensionality of the systems. κ-(BEDT-TTF) 2 Cu(NCS) 2 is a quasi-two-dimensional superconductor; in this case, µ 0 H orb c2 is high only when the magnetic field is applied parallel to the conducting plane. On the other hand, CeCu 2 Si 2 is a threedimensional (3D) heavy fermion superconductor, and so the high µ 0 H orb c2 is due to heavy electron mass and not related to the magnetic field directions. Third, the H − T phase diagram and the regions where the enhancement of 1/T 1 T was observed differ. In the case of κ-(BEDT-TTF) 2 Cu(NCS) 2 , µ 0 H c2 (T ) exhibits an upturned behavior above µ 0 H P (0) [8, 33, 34] and the 1/T 1 T enhancement was observed in this region. On the other hand, µ 0 H c2 (T ) is strongly suppressed and rather decreases below ∼0.2 K in the case of CeCu 2 Si 2 where 1/T 1 T enhancement was observed in a rather narrow region close to µ 0 H c2 (0). According to theory, the FFLO region is narrower in a 3D superconductor than in a 2D superconductor [6] , which is also consistent with the experimental results.
We also point out that the narrow region of the FFLO state in CeCu 2 Si 2 can be explained with the impurity scattering effect. It was shown from theoretical studies that the phase boundary of the Pauli-limited upper critical field and of the FFLO state depends sensitively on the nonmagnetic impurities, but that the FFLO state itself is robust against disorder and survives even in the presence of the large impurity scattering, which is contrary to the general belief on the FFLO state [35, 36] . Since the residual resistivity of CeCu 2 Si 2 is much larger (ρ 0 ∼ 30 µΩcm) than CeCoIn 5 (ρ 0 ∼ 3 µΩcm), the difference in the phase diagram between CeCoIn 5 and CeCu 2 Si 2 is ascribed to the the difference in the scattering rate by defects and/or disorder.
It is noted that such an enhancement of 1/T 1 T was not observed in UPd 2 Al 3 which is also a candidate for observing the FFLO state. We recently performed 27 Al-NMR measurements on single-crystalline UPd 2 Al 3 with the field parallel to the c axis, and we discovered an unexpected symmetrical broadening in the NMR spectra in the field range 3 T < µ 0 H < µ 0 H c2 = 3.6 T, suggesting the presence of a spatially inhomogeneous SC state such as the FFLO state [37] . However in the case of UPd 2 Al 3 , 1/T 1 T did not increase, remaining at a constant value just below µ 0 H c2 (T ) before beginning to decrease below 3 T, in contrast to the results obtained using CeCu 2 Si 2 and κ-(BEDT-TTF) 2 Cu(NCS) 2 . Since the superconductivity in UPd 2 Al 3 coexists with antiferromagnetic ordering, the FFLO state realized in UPd 2 Al 3 is more complicated and may differ from that observed in CeCu 2 Si 2 and κ-(BEDT-TTF) 2 Cu(NCS) 2 . A systematic NMR study near µ 0 H c2 is needed in order to understand the characteristic features of the FFLO state, and it is currently in progress.
In conclusion, we have performed NMR measurements under a magnetic field close to µ 0 H c2 in CeCu 2 Si 2 , which is a promising candidate for realizing the FFLO state. In the SC state well below µ 0 H c2 , the Knight shift and 1/T 1 T decreased abruptly below T c (H), an effect that is well-understood within the framework of conventional spin-singlet superconductivity. In contrast, 1/T 1 T was enhanced just below T c (H), exhibiting a broad maximum in the presence of a magnetic field close to µ 0 H c2 (0) applied parallel or perpendicular to the c axis, although the Knight shift decreased just below T c (H). Comparing these results to those previously obtained for κ-(BEDT-TTF) 2 Cu(NCS) 2 , the enhancement of 1/T 1 T implies the presence of the Andreev bound states in CeCu 2 Si 2 , which is regarded as a hallmark of the FFLO state.
